Purpose: Platinum-based chemotherapy, consisting of etoposide and cisplatin (EP), has been the cornerstone of therapy for extensive-stage small-cell lung cancer (ES-SCLC) for decades. Despite the marked initial sensitivity of SCLC to chemotherapy, EP regimens cannot avoid the emergence of drug resistance in clinical practice. With the rise of new chemotherapy regimens in recent years and the primary resistance or insensitivity of ES-SCLC to EP regimens, it is desirable to be able to identify patients with resistant or insensitive ES-SCLC. Methods: The sequencing and drug sensitivity data of SCLC cell lines were provided by The Genomics of Drug Sensitivity in Cancer Project (GDSC). The data regarding sensitivity to etoposide of 54 SCLC cell lines were analyzed, and etoposide-sensitive cell lines and etoposide-resistant cell lines were differentiated according to the IC50 values defined by the GDSC. ROC curve analysis was performed on all mutations and combinations of mutations to select the optimal panel to predict resistance to etoposide. Results: ROC analysis of etoposide resistance revealed that the most significant single gene mutation indicating resistance to etoposide was CSMD3, and the accuracy of predicting resistance to etoposide proved to be the highest when there was any mutation in CSMD3/ PCLO/RYR1/EPB41L3, area under the curve =0.804 (95% confidence interval: 0.679-0.930, P<0.001). Conclusion: This study found that a panel with four genes (CSMD3, EPB41L3, PCLO, and RYR1) can accurately predict sensitivity to etoposide. These findings provide new insights into the overall treatment for patients with ES-SCLC that is resistant or insensitive to etoposide. Keywords: small-cell lung carcinoma, etoposide, EP regimens, IP regimens, gene mutation
Introduction
In recent years, humans have made significant progress in the early detection, early diagnosis, early treatment, and even prevention of cancer. However, lung cancer is the most commonly diagnosed cancer (11.6%) and the leading cause of cancerrelated death (18.4%) worldwide. 1 Currently, there are approximately 2.1 million lung cancer patients worldwide. 1 Approximately 12-15% of new lung cancer patients are diagnosed with small-cell lung cancer (SCLC). 2, 3 According to the latest National Comprehensive Cancer Network (NCCN) Guidelines, an estimated 29,654 new cases of SCLC occurred in the United States in 2017. 4, 5 Studies have
shown that the incidence of SCLC is attributable to cigarette smoking, and the smoking pack-years increases, so does the risk of SCLC. Ninety percent of patients with SCLC have been or are currently smokers, and smoking duration is positively associated with an increased risk of SCLC. 6, 7 In addition, SCLC is characterized by a high growth fraction, a high degree of malignancy, and the early development of sensitivity of SCLC to chemotherapy in the early stages of treatment, more than 90% of patients eventually develop clinical drug resistance and die as a result of relapse. 8, 9 At present, there is a great deal of controversy about the therapeutic effect and safety tolerance of IP and EP in the treatment of ES-SCLC. In 2002, a randomized, multicenter, phase III trial (J9511) performed in Japan reported that patients with ES-SCLC who were treated with IP experienced a median survival of 12.8 months compared with 9.4 months for patients treated with EP (P=0.002). In addition, the 1-year survival rates were 58.4% vs 37.7% and the median progression-free survival (PFS) rates were 12.8 months vs 9.4 months in the IP and EP groups, respectively. 15 Furthermore, Hermes et al studied 220
patients with ES-SCLC, and the results showed that the median overall survival (OS) was slightly higher in those receiving IP than in those receiving EP (8.5 months vs 7.1 months, P=0.04). 16 However, it is surprising that there were no significant differences in the efficacy and survival of the IP and EP groups in 4 subsequent phase III trials.
17-20
In a cohort study from Korea, the median OS and median PFS of patients with ES-SCLC treated with IP were 10.9 months and 6.5 months, respectively, whereas the median OS and PFS in the EP arm were 10.3 months (P=0.120) and 5.8 months (P=0.115), respectively. Similarly, no significant differences were observed in the 1-and 2-year survival rates in the IP versus EP groups. In the subgroup analysis, males, patients <65 years old and patients with Eastern Cooperative Oncology Group performance status (ECOG PS) ≤1 were treated with IP or EP, and the two groups had significant therapeutic differences. In addition, there was a significant difference in the objective response rate (ORR) between the IP group and the EP group (62.4% vs 48.2%, P=0.006).
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Currently, 4 to 6 cycles EP is the standard therapy widely used for a majority of SCLC in the clinic, with an ORR of 50%-80%. 22 However, the median OS of patients with ES-SCLC is only 9 months, with only 2% of patients surviving after 5 years. 14, 23 Although SCLC usually responds well to chemotherapy regimens in the early stages of treatment, subsequent clinical drug resistance and disease recurrence occur in more than 90% of patients. 8, 9 This may be due to the existence of cancer stem cells that are relatively resistant to cytotoxic therapy. Chemotherapy cannot destroy residual tumor cells, leading to a high recurrence rate and a high drug resistance rate in SCLC. 24 Primary resistance or acquired resistance to chemotherapy is a major factor in the poor prognosis of patients with lung cancer. [25] [26] [27] In the drug sensitivity data from GDSC, we found that the IC50 of etoposide in the 54 SCLC cell lines ranged from 0.242 μM to 319 μM, and the drug resistance cut-off value provided by the website was 16 μM. In total, 65% of patients have SCLC that is sensitive to etoposide, which is close to the response rate for etoposide. 28 Therefore, if we are able to select patients with ES-SLCL that is not sensitive to etoposide before treating them with standard chemotherapy, we could choose a different chemotherapy regimen to treat these patients, hopefully improving survival outcomes in those ES-SCLC patients. Survival time was significantly improved with the new chemotherapy compared with EP. However, there is currently no clinically relevant prediction factor and screening for appropriate means of insensitivity to etoposide. To date, a growing number of studies have shown that the emergence of primary or acquired platinum and Topoisomerase Inhibitors resistance in EP is associated with certain gene expression changes or/and gene mutations.
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Chiu et al 30 found that FBXL7 is a biomarker of poor prognosis in patients with ovarian cancer. A high expression level of FBXL7 is positively associated with a low survival rate in ovarian cancer patients, and the FBXL7 mRNA level and ovarian cancer cell line paclitaxel (PTX) IC50 values were positively correlated, leading to the speculation that the upregulation of FBXL7 expression results in resistant ovarian cancer cell lines. In addition, Chiu et al 31 detected the transcriptional level of the shared gene in HCC38 (PTX-sensitive) and MDA-MB436 (PTX-resistant) TNBC cells posttreatment with paclitaxel. They found that the downregulation of miR-1180 may regulate OTUD7B, ultimately negatively regulating the NF-κB-Lin28 axis. This in turn triggers Let-7 microRNA-mediated caspase-3 downregulation, ultimately leading to resistance to PTX. Based on these findings, the sensitivity and drug resistance of tumor cells to chemotherapy can be predicted by gene expression levels. Thus, patients with ES-SLCL that is sensitive or insensitive to chemotherapy can be further distinguished. We hope that the sensitivity of ES-SCLC to etoposide can be predicted by gene mutation panels, allowing the selection of patients with ES-SCLC that is insensitive to etoposide before standard chemotherapy is administered and the development of personalized, precise chemotherapy to extend patients' OS and improve their quality of life (QOL).
To this end, we analyzed the sequencing and drug sensitivity data for a SCLC cell line through the GDSC database to determine whether mutations can predict the primary resistance to etoposide and try to explain the potential underlying mechanism to provide first-line treatment recommendations for patients with ES-SCLC.
Methods

Drug response, gene expression and mutation data
The natural logarithm half maximal inhibitory concentration (IC50) of all selected erlotinib-related cell lines were obtained from the GDSC (https://www.cancerrxgene.org/). Robust Multichip Average (RMA) normalized expression data from the Affymetrix Human Genome U219 array and gene mutation information found in cell lines by Illumina HiSeq 2000 whole-exome sequencing (WES) were downloaded from the GDSC.
Screening of mutated resistance genes
There were 54 SCLC cell lines in the GDSC with drug sensitivity data for etoposide. The GDSC site defined etoposide-resistant cell lines as those with IC50 values ≥16 μM and etoposide-sensitive cell lines as those with IC50 values <16 μM. ROC curve analysis was performed for all mutations, and the cell lines with areas under the curve (AUCs) >0.5 were selected and randomly combined; then, resistance to etoposide was predicted by the combined mutation panels. The Youden Index values obtained by various combined ROC analyses were sorted to select the best combination.
Statistical analysis
The IC50 distribution for etoposide in various cell lines was obtained with the GDSC web tool. ROC analysis and mapping were performed with SPSS 21.0 (IBM SPSS Statistics, IBM Corporation); mutation and gene expression data were analyzed and mapped with the maftools 32 and limma packages 33 in R. In the differential analysis of the gene expression profiles, P<0.05 and FC>1.5 orFC<2/ 3 were considered to indicate significant differences. The survival analysis was with the log-rank test after the Kaplan-Meier analysis to investigate the predictive ability of a mutation panel with regard to survival. Gene Ontology (GO) annotation analysis and KEGG pathway enrichment analysis of the differentially expressed genes (DEGs) in this study were performed using the Database for Annotation, Visualization and Integrated Discovery (DAVID) (https://david.ncifcrf.gov/).
Results
The sensitivity of cancer cell lines to drugs is mainly expressed as the IC50 value, which refers to the concentration of drug that kills half of the tumor cells in vitro. Table S1 .
After sorting the IC50 values for etoposide, we found that in the mutation landscape of the 54 SCLC cell lines (Figure 2 ), the genes with the highest mutation frequencies were TP53 (91%), TTN (78%) and Rb1 (70%). Among them, TP53 and TTN mutations were mainly missense mutations, while the Rb1 mutations were mainly nonsense and splice mutations.
We performed an ROC analysis of to predict etoposide resistance using all mutated genes (see Table S2 ). From the ROC curves, we found that the most significant single gene mutation associated with resistance to etoposide was CSMD3, with an AUC of 0.697 (P=0.016) ( Table 1) . By experimenting with different combinations, we found that when any mutations occurred in CSMD3/PCLO/RYR1/EPB41L3, the accuracy of predicting resistance to etoposide was the highest (AUC=0.804, 95% CI: 0.679-0.930, P<0.001) ( Table 1 ). The ROC curve results of the panel composed of CSMD3/ PCLO/RYR1/EPB41L3 and the individual genes are shown in Figure 3A .
We performed a log-rank test with the Kaplan-Meier plots according to mutations and clinical follow-up data in 110 SCLCs published by George et al 34 In addition, we found a significantly lower average survival time in patients with CLC with any mutation in CSMD3/PCLO/RYR1/EPB41L3 than in those with no mutations in all four genes (35.6±5.3 months vs 76.7±12.1 months, P=0.040) ( Figure 3B ). By analyzing significantly enriched KEGG pathways of DEGs, we found that there was a significant association between both CSMD3 and RYR1 mutations and MAPK signaling pathway (P=0.015 and P=0.023, respectively) ( Table 2 ).
Discussion
EP has been the most common therapy for ES-SCLC for decades. As a standard treatment, it can inhibit tumor proliferation, relieve clinical symptoms, and achieve ideal results. 13 We analyzed the data and found that mutations in both CSMD3 and RYR1 can cause the activation of the downstream MAPK signaling pathway (Figure 4 ). In addition, Liu et al 36 found that etoposide activates the MAPK/ERK signaling pathway, inhibits p53 expression and enhances c-Myc expression to decrease the sensitivity of gastric cancer cells to chemotherapy in. Therefore, we hypothesized that mutations in the CSMD3 and RYR1 genes may cause a significant resistance to etoposide in ES-SCLC via the downstream MAPK signaling pathway. It is well known that etoposide induces DNA double-strand breakage (DSB) and triggers the DNA damage response by activating the ataxia telangiectasia-mutated gene (ATM) DNA repair is a process of energy dissipation, and ATP-dependent chromatin remodeling complexes participate in DSB repair. 37 In aerobic conditions, tumor cells preferentially perform glycolysis rather than providing energy for cell growth through the more efficient oxidative phosphorylation pathway and are therefore characterized by high glucose uptake, glycolysis activity levels and lactic acid content in the metabolites. Glycolysis consumes more glucose but produces less ATP. 38 The PI3K/AKT signaling pathway promotes aerobic glycolysis by upregulating cell surface glucose transporters 39 and glycolytic enzymes in tumor cells.
40,41
Surprisingly, we found that the mutation of the EPB41L3 gene caused increased activity of the glucose metabolism pathway in tumor cells. Therefore, we speculate that mutations in EPB41L3 may reduce sensitivity to etoposide through DNA repair in tumor cells. In addition, AKT is involved in the repair of DNA damage caused by genotoxicity, mainly by the action of DNA-dependent protein kinase (DNA-PK), the kinase ATM/ATM and nonhomologous end joining (NHEJ) to repair DSB. 42 Makinoshima et al 43 found that PI3K/AKT/mTOR signaling inhibitors can effectively inhibit the expression of GLUT1 on the cell membrane. They used RNAi to interfere with the expression of GLUT1, ultimately reducing the aerobic glycolysis process and cell proliferation rate. Furthermore, our results suggest that PCLO mutations cause activation of the PI3K-Akt pathway, so we hypothesized that PCLO mutations may enhance glucose metabolism by activating the PI3K/Akt pathway, thereby enhance the ability of the tumor cell to repair DNA. Identifying outpatients with ES-SCLC that is not sensitive to etoposide and treating them with another combination therapy are important steps in improving the survival of patients with SCLC. Screening for the sensitivity to etoposide in patients with SCLC who are receiving chemotherapy for the first time allows clinicians to use a different combination chemotherapy regimen (Table 3) in these patients to avoid treatment failure due to primary resistance to etoposide. Currently, alternative treatment options that are commonly used in clinical practice include IP protocols, platinum-based drugs plus paclitaxel, and IP plus sunitinib. A phase II clinical trial (NCT00454324) on the use of a platinum-based compound plus paclitaxel in patients with ES-SCLC has shown good efficacy. 44 In a phase II clinical trial (NCT00695292), 45 sunitinib combined with IP for patients with ES-SCLC showed potential clinical efficacy and safety, with an ORR of 59%, a oneyear survival rate of 54% and a median PFS of 7.6 months.
In recent years, combinations of various chemotherapy regimens have been shown to provide excellent survival advantages in patients with ES-SCLC. It may be possible to classify patients by adding inclusion criteria and then use a more specific new chemotherapy regimen as a clinical treatment to achieve individualized and precise treatment of ES-SCLC patients, overcoming the treatment bottleneck for patients with ES-SCLC that is resistant to EP and ultimately prolonging their survival time and improving their QOL. There were some limitations in this study. First, the most suitable alternative drug at present is irinotecan. GDSC does not provide data regarding the sensitivity to irinotecan, and the sensitivity of etoposide-resistant ES-SCLC to irinotecan is still unclear. Second, currently, there are no suitable largesample clinical datasets that directly support our conclusions, and relevant clinical research needs to be further conducted to verify our hypothesis; moreover, we have initialed a clinical trial(NCT03162705) and hope this onging clincal trial could provide more direct evidence onni. Third, the accuracy of the model prediction is inadequate, and it may be necessary to expand the model to optimize it.
Conclusion
In conclusion, we analyzed the mutation and gene expression data from the GDSC of 54 ES-SCLC cell lines with regard to etoposide susceptibility and found that the panel including CSMD3, EPB41L3, PCLO, and RYR1 can likely predict the sensitivity of ES-SCLC to etoposide and, therefore, the clinical survival of patients with SCLC. 16 
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